High resolution (Doppler-resolved) measurement of Doppler-shifted ion absorption frequencies allows the determination of the electric field responsible for the shift. A new method based on velocity modulation laser spectroscopy is described for the nonperturbative measurement of the axial electric fields in glow discharges. The A 'n, + X I&+ (4.0 ) band of NT has heen used as a probe of a He/N, discharge. Half-wave rectification of a sine-wave-driven discharge allows observation of Doppler shifts in the Ion transition frequencies since the ions are traveling in only one direction with respect to the laser wavevector. Electric fields and E/N values have been measured at pressures from 3 to I 1 Torr. Fields in the range of lo-I5 V/cm were observed.
Introduction
The average macroscopic electric field that exists in a glow discharge is undoubtedly one of its most important properties, influencing or determining many of its other characteristics. For example, the total translational energy content of the ions in the plasma is a strong function of E/N [ 11. The fact that plasma electric fields are notoriously difficult to measure in a manner that does not alter the plasma itself has been one of the principal obstacles in developing a quantitative understanding of electrical discharges.
Traditionally, Langmuir probes have been used to measure plasma fields, but these suffer from perturbations by sheath accumulation. Non-intrusive measurements of the electric fields through observation of Stark effects with laser spectroscopy have been demonstrated by several groups. Moore et al.
[2] measured the electric field in the sheath region of a 50 kHz BCL, discharge by observing the Stark mixing in electronic transitions of BCl. The large field that exists in the sheath (5 kV/cm) made this observation possible. A similar attempt by Pan [ 31 to measure the electric field in the positive column of a glow discharge via the Stark effect of CH,F was unsuccessful. By using sub-Doppler laser polarization spectroscopy, Wieman and HBnsch [4] observed Stark splittings in the n=4+-2 transition of deuterium atoms in the positive column of an Hz discharge. The value of the electric field observed in their experiment was 10 V/cm, in good agreement with the results obtained in the present work. Ganguly and Garscadden [ 5 ] observed Stai-k broadening of Rydberg transitions of He in order to measure the electric fields in glow discharges, and were able to determine the radial variation in the field with a precision of about 1 V/cm. Finally, Haesc et al. [6 ] performed an experiment exploiting the Doppler shift of ArHf vibration-rotation transitions as a result of the axial electric field in a dc discharge. Instead of calculating the field, they chose to actually measure it with a Langmuir probe, and with this field value to compute the mobility of the ion. It is important to note that the methods based on the observation of the Stark effect or polarization effects sample the total electric field experienced by the molecule, including both the axial (drift) and the radial (ambipolar) field as well as interference from collisional fields. Doppler shift measurements, however, are sensitive only to the axial field, and hence offer a means for distinguishing between the two components of the average electric field.
In this paper we present a method for separately determining the axial electric field in low field regions (< 15 V/cm) of discharges by the measurement of the field-induced Doppler shifts in the absorption frequencies of molecular ion transitions. By half-wave rectification of a low frequency (25 kHz) discharge, current flows in only one direction with respect to the laser wavevector and only one velocity sideband of the shifted absorption frequency is observed. The intrinsic Doppler-broadened lineshape for the transition can thus be recorded, as well as the absolute Doppler shift of the transition. The disadvantage of this technique is that neutral transitions are also modulated, and therefore can interfere with the ionic spectrum (in this case, the first positive band system of NJ. The main advantages, in addition to the axial field selectivity, are that the spectrum requires only Doppler-limited resolution, and no Stark splitting or broadening need be observed, greatly reducing both the experimental and theoretical complexity of the measurement.
In addition, there is no interference from fields generated by the local ion distribution [ 71. The technique described here is a modification of the method ofvelocity modulation developed in this laboratory [ 81. In part, this work was undertaken to more fully understand the lineshapes obtained in the velocity modulation experiment. The observation of only the velocity modulation lineshape leaves the Doppler shift and width of the transition inextricably mixed, i.e. the depth of modulation is unknown [9] . Therefore it is difficult to extract accurate translational temperatures and/or pressure broadening parameters from this method. The present experiment permits the observation of the true lineshape, and as a result of this fact, facilitates the determination of these important parameters.
Experimental
The dye laser spectrometer used in these experiments is essentially the same as the apparatus described in conjunction with the velocity modulation study of the A 'II, +X 'Cl (7,3) band of N; reported earlier [ lo] . Briefly, the instrument consists of a tunable dye laser (Coherent CR 699-29) dual beam absorption spectrometer. A 1 m long watercooled velocity modulation discharge cell with 420 sidearm electrodes is used as a sample cell. The sidearms ensure that only the positive column of the discharge is probed. The principal modification is the introduction of a high power diode (Unitrode HVH 10000) in series with the discharge. This results in half-wave rectification of the discharge current waveform. The rectified waveform is not significantly distorted from that of the unrectified discharge. The discharge is stable and no striations are visible (striations are known to cause field inhomogeneities).
The second modification is the use of an EN1 Plasmaloc II power supply to drive the discharge. This allows for higher operation frequency (25 kHz) and smoother power delivery, with a corresponding increase in the discharge stability. This resuIts in higher signal-to-noise ratios and much flatter baselines.
The (4,0) band of the A 'II, tX 'CL system of NT was monitored in this experiment. This band was originally observed in high resolution by Grieman et al. In all measurements the partial pressure of Nz was about 30 mTorr and the balance was He. The dc current through the discharge was maintained at 120.0 mA by monitoring the voltage across a 0.5 R resistor in series with the discharge. Each transition frequency was referenced to an etalon fringe (FSR = 6 GHz). Both the red-and blue-shifted components of each transition were observed, and the Doppler shift was taken to be one half of the difference between them ( fig. 1) .
The first positive band system of neutral NZ has strong transitions in the same spectral region as the (4,0) band of N: [ 131. This crowding of the spectrum was the major source of error in the determination of the absorption shifts and we estimate this error to be about 0.002 cm '.
Theory
In a standard velocity modulation experiment [ 8 ] the signal appears as an approximate first derivative lineshape. Without additional information it is impossible to separate the Doppler shift due to the elec- tric field acting on the ion and the inhomogeneous linewidth of the Doppler-broadened transition. Halfwave rectification of the discharge limits the directed motion of ions to only one direction with respect to the laser wavevector. The result is that upon lock-in demodulation of the laser absorption signal an unbroadened Gaussian lineshape is observed, shifted either to the red or the blue depending on the direction of current flow with respect to the laser beam.
The calculation of the electric field from the Doppler shift is straightforward as long as the ion mobility is independent of the electric field (low field limit, < 25 Td) [ I] as considered below. The Doppler shift in absorption frequency (6~) caused by the ion drift velocity (I+,) is 6v=%.
c (1)
In the low field limit the ion drift velocity is proportional to the electric field
The proportionality constant is the mobility; for N2+ this is obtained experimentally from the work of Johnsen et al. [ 141 and Moseley et al. [ 15 ] and must be adjusted for temperature and pressure from the reduced mobility (I&):
In addition K0 must be corrected for gas composition,
where X, is the mole fraction of component i. Combining these equations yields
The temperature appearing in eqs. (3) and (5) is the gas kinetic temperature and is obtained here from the widths of neutral Nz transitions in the same spectral region. From eq. (5 ) and the shifts measured for the (4,0) band, the axial electric field in the positive column of the discharge is calculated.
Results
The observed Doppler shifts for the (4,0) band and the calculated electric fields are listed in table 1. Table 
I
Values of measured and calculated parameters for The shift is found to decrease approximately linearly with increasing pressure ( fig. 2 ) reflecting the dependence of the ion mobility on collision frequency. The monotonic decrease in shift with pressure does not entirely agree with the trend observed by Haese et al. [ 6 1. In a low pressure He discharge ( +C 3 Torr) they observed that the shift first increased with pressure, and then slowly fell off for pressures above 3 Torr. As suggested by the authors, this initial rise in the shifts is probably due to proton exchange of ArH+ with essentially stationary Ar atoms at higher Ar mole fraction (lower pressure). At higher total pressures collisions with Ar are less probable and the shift decreases with pressure as expected. This is in accord with our observation and with cq. (3). A plot of the plasma electric field versus pressure is shown in fig. 3 . An average field value of 12.7 ? 1.4 V/cm is obtained. The electric field is fairly constant with pressure, but there is a slight maximum in the field ( 14.3 ?C 1.2 V/cm) at 6 Torr. Since the product of n, and E is expected to remain constant and since the current was held constant in our experiments no pressure variation in the field would be expected. A plot of E/N versus pressure ( fig. 4) indicates that the ion energy decreases with increasing pressure due to the larger number of energy sharing collisions. The maximum value of E/N at 3 Torr of 15.0 ? 1.2 Td ( 1 Td = 1 O-" V cm* ) ensures that all measurements are in the low field limit and that eq. (2) is valid. Initially there appears to be a contradiction between the concept that E/N determines the average ion en- 
Conclusions
By measuring the Doppler shift in the frequency of molecular ion rovibronic transitions we have determined the axial electric field in the positive column of a He/N2 discharge. The electric field was found to be a slowly varying function of pressure with a maximum at 6 Tort-. The field values observed are consistent with those measured by other methods [ 5-7,9]. By separating the measurement of the Doppler shift due to the electric field and the width of the transition it is possible to measure translational temperatures and/or pressure broadening coefficients without resorting to an iterative procedure. At visible wavelengths the linewidth is entirely due to inhomogeneous broadening, and we have determined accurate translational temperatures for N: . The rise in the translational temperature of the ion with increasing pressure reflects the increased randomization of field energy with increased collision frequency.
